Acute myelogenous leukemia • Induced pluripotent stem cell • Reprogramming • OCT4 • SOX2 • KLF4 • C-MYC • Cell pluripotent factor Abstract Objective: The present study aimed to establish an induced pluripotent stem cell (iPSC) line from acute myelogenous leukemia (AML) cells in vitro and identify their biological characteristics. Methods: Cells from the AML-infiltrated skin from an M6 patient were infected with a lentivirus carrying OCT4, SOX2, KLF4 and C-MYC to induce iPSCs. The characteristics of the iPSCs were confirmed by alkaline phosphatase (ALP) staining. The proliferation ability of iPSCs was detected with a CCK-8 assay. The expression of pluripotency markers was measured by immunostaining, and the expression of stem cell-related genes was detected by qRT-PCR; distortion during the induction process was detected by karyotype analysis; the differentiation potential of iPSCs was determined by embryoid body-formation and teratomaformation assays. ALP staining confirmed that these cells exhibited positive staining and had the characteristics of iPSCs. Results: The CCK-8 assay showed that the iPSCs had the ability to proliferate. Immunostaining demonstrated that iPSC clones showed positive expression of NANOG, SSEA-3, SSEA-4, TRA-1-60 and TRA-1-81. qRT-PCR results revealed that the mRNA expression of Nanog, Lin28, Cripto, FOX3, DNMT3b, DPPA2, and DPPA4 significantly increased in iPSCs. Karyotype analysis found no chromosome aberration in the iPSCs. The results of the embryoid body-formation and teratoma-formation assays indicated that the iPSCs had the potential to differentiate into all three germ layers. Conclusion: Our study provided evidence that an iPSC line derived from AML cells was successfully established.
The Construction and Identification of Induced Pluripotent Stem Cells Derived from Acute Myelogenous Leukemia Cells

Introduction
Acute myelogenous leukemia (AML) is a common malignant cancer of the blood system and is defined as an increase in myelogenous blasts in bone marrow resulting in inhibition of normal hematopoietic functions [1] . The mean age of AML patients is 67 years, and most AML cases occur in old age [2] . Nonetheless, AML constitutes the most common diagnostic group of childhood cancers worldwide [3] . Due to the highly heterogenous nature of AML, treatment regimen planning and prognosis prediction based on the patient's cell genetics and molecular phenotype is particularly important for AML patients [4] . With the progress of molecular biology and immunology research in recent years, the treatment of AML generally includes several layers of therapies related to cell genetics diagnosis, molecular genetics diagnosis, prognosis, and targeted and personalized treatments [5] . Therefore, it is of great significance for AML patients to explore the potential of personalized and targeted therapy in order to improve the rate of complete remission, prognosis and survival time.
Our previous study showed that leukemia cells of M4 AML patients could induce embryonic stem (ES) cell clones; however, the cell clones were highly differentiated at later passages, according to our previous study. Therefore, leukemia cells of M6 AML patients were selected to generate and characterize induced pluripotent stem cells (iPSCs) in our study. Hematopoietic stem cell transplantation has been one of the available therapies to treat AML [6] . Previous studies have demonstrated that evaluating the efficiency of both ESCs and iPSCs in cardiac cell therapy in an in vitro analysis is currently the focus of mainstream research [7, 8] , but in recent years, iPSCs have become a great alternative for the treatment of AML [9] . These cells share many similarities with embryonic stem cells (ESCs), which serve as a model to study molecular embryogenesis and have a great potential for applications in regenerative medicine [10] , including multilineage differentiation and self-renewal [11] . Moreover, embryonic stem cells (ESCs) can be differentiated into cardiac myocyte-like cells [12] Both iPSCs and ESCs are easily accessible and expandable in culture and have broad developmental potential and a high capacity for reproducibly to differentiate into spontaneously beating cardiac cells in vitro [13] . iPSCs were first discovered by Takahashi in 2006 when they used a lentiviral vector to successfully introduce OCT4, SOX2, C-MYC and KLF4 transcription factors into mouse skin fibroblasts, thus obtaining liver cells with strong self-renewal ability and pluripotency, which were subsequently named iPSCs [14] . iPSCs have been used for the successful treatment of sickle cell anemia and hemophilia A in mice [15, 16] . A previous study has also shown that iPSCs can be efficiently induced into red blood cells [17] , indicating the potential for the use of iPSCs in the clinical treatment of patients with hematological diseases. However, there are few reports on the relationship between iPSCs and AML, and in this study, we attempted to reprogram the tissue cells from the leukemia-infiltrated skin of an AML patient into iPSCs and to analyze their biological characteristics for finding new treatment methods for personalized therapies of AML.
Materials and Methods
Ethics statement
The present study was performed in accordance with the guidelines established by the Medicine Ethics Review Committee of Fujian Institute of Hematology, Fujian Provincial Key Laboratory of Hematology, Fujian Medical University Union Hospital, and the patient signed the form of consent. Animal experiments were designed with the consent of the animal ethics committee, and all studies were conducted strictly in accordance with international standards. 
Study subjects and grouping
Sample collection and cell culture
Sterile surgical resection of leukemia-infiltrated skin tissue in the left inguinal region of the M6 AML patient was performed to collect a 15 × 15 mm specimen, which was rinsed 2~3 times by phosphatebuffered saline (PBS) as well as Dulbecco's Minimal Essential Medium (DMEM) containing 10% fetal bovine serum (FBS) and dual antibodies. The skin was separated from the fat tissue and cut into 1 × 1 mm pieces, which were placed on the bottom of a 6-well plate. One to 2 drops of DMEM medium containing 10% FBS were added to maintain the moisture on the skin tissue. After inversion, the skin samples were placed in a 5% CO 2 incubator at 37°C for 6 h. DMEM culture medium containing 10% FBS but no antibodies was then added to continue the tissue culture. Every 2~3 days, the medium was changed until the cells reached 80% confluency, after which the cells were passaged in a 1: 3 ratio. The second generation of cells was collected, and a portion of the cells was used for the induction of iPSCs. The remaining cells were expanded into a certain number before being collected and cryopreserved for future use. The isolated cells were termed LICs.
Induction and passage of pluripotent stem cells
The cultured adherent LICs were inoculated in T25 cell culture flasks at 3 × 10 5 LICs per flask. At 24 h after inoculation, a lentivirus mixture (Genepharma, Shanghai, China) carrying OCT4, SOX2, C-MYC and KLF4 factors were used to infect and induce the cells at a target cell ratio (MOI) of 10:1. The contents of the adenovirus expression system mix are shown in Table 1 . LICs were cultured in a 5% CO 2 incubator at 37°C after the lentivirus mixture was added. Following 24 h of lentivirus infection, the supernatant was discarded carefully. LICs were digested by adding 0.25% trypsin in a 37°C incubator for 5 min. An equal volume of DMEM containing 10% FBS was added to resuspend the cells. The resuspend and induced LICs were transferred onto a layer of MEF feeder cells, with the cells in each T25 flask uniformly transferred into one 6-well plate. The DMEM medium containing 10% FBS was added, and the cells were cultured in a 5% CO 2 incubator at 37°C. After 48 h of cell culture, the induced LICs were washed with 1 mL hydroxyethyl starches (hES) after the supernatant was removed, and then hES complete culture medium was added. The medium was changed every other day after cell clone growth was observed. After 7 days, the cell clones were gently triturated into smaller cell colonies and were transferred into a 24-well plate, which had a layer of CF-1 feeder cells placed there 2 days before. The cells were cultured continuously using an hES medium, and the medium was changed daily until 3 generations of cells could be stably passaged. The cells were then collected for subsequent identification.
Flow cytometry
A FACSCalibur flow cytometer (Becton, Dickinson and Company, NJ, USA) was used to detect the common leukocyte antigen (CD45), the lymphoid antigens (CD2, CD3, cCD3, CD19, CD20 and HLA-D), the myelogenous antigens (CD13, CD33, CD117 and cMPO), the red blood cell antigens (CD71 and CD235a), and the stem and progenitor cell-associated antigens (CD34, CD38, CD90 and CD133). The normal cell passage was performed to collect LICs and iPSC separately, and the cells were placed in 15-mL centrifuge Table 1 . Adenovirus expression system mix. Note: MOI, multiplicity of infection; DMEM, Dulbecco's Minimal Essential Medium tubes. The iPSC clones underwent 3 cycles of natural sedimentation, and the supernatant was discarded to remove most of the components of the CF-1 feeder cells mixed in the iPSC clones. CD3
+ cells underwent centrifugation at 1000 rpm for 5 min, and the supernatant was discarded. A volume of 5 mL PBS was added to resuspend the cells, and the cell concentration was determined by counting the cells. In each 1.5-mL EP tube, 1 × 10 5 cells were added and centrifuged at 1000 rpm for 5 min, followed by discarding of the supernatant. In each EP tube, 0.3 mL of PBS was added to resuspend the cells. According to the operation instructions of the reagent, 1 μL of CD3 monoclonal antibody was added into 1953 cells, and 1 μl of CD34 monoclonal antibody was added into HL60 cells. After mixing, the cells were placed at 4°C and incubated for 30 min. The cells were washed with PBS solution 2 times, and then 400 μl of PBS solution was used to resuspend the cells for flow cytometry detection.
Alkaline phosphatase (ALP) staining iPSCs were cultured in 12-well plates to form typical iPSC clones, followed by the detection of characteristics of stem cells by alkaline phosphatase (ALP) staining and the visualization of the corresponding images. The dying procedures and methods were in accordance with the instructions for the ALP Staining Kit (Millipore, USA).
Cell proliferation assay
Each generation of cells was digested, counted, and inoculated in 96-well plates and diluted to a concentration of 2 × 10 3 cells/ml. The cells were plated in three parallel wells and underwent conventional culture. A Cell Counting Kit-8 (DOJINDO, Japan) was used to assay cell proliferation, and the growth curve was plotted. The specific steps were in strict accordance with the instructions for the kit.
Detection of pluripotency marker expression
LICs, iPSC and X-02 were seeded, separately, in 24-well plates with each well receiving 10 to 20 clones. After culturing for 3 days, the supernatant was removed, and the cells were washed 2 times with PBS and fixed with 4% PFA for 20 min at room temperature. After washing 2 times with PBS, the cells were permeated with PBS containing 0.5% Triton X-100 for 15 min and blocked with PBS containing 2% BSA + 5% normal goat serum for 1 h at room temperature. The cells were then incubated with primary antibodies including NANOG, SSEA-3, SSEA-4, TRA-1-60 and TRA-1-81 (all were purchased from Abcam, USA) at 4°C overnight. On the next day, the cells were washed 3 times with PBS, and secondary antibodies, Alexa Fluor ® 555 R goat anti rabbit IgG, Alexa Fluor ® 555 goat anti-mouse IgG, and Alexa Fluor ® 555 goat anti-mouse IgM (Invitrogen, USA), were added and incubated at room temperature for 1 h. Subsequently, the cells were washed with PBS 3 times, stained with 1 μg/ml DAPI for 5 min, washed 3 times again with PBS, mounted, observed and imaged under a fluorescence microscope.
Detection of stem cell-related genes
A portion of the cells in each group were collected and lysed with Trizol (Invitrogen, USA). The RNA was extracted, and the cDNA was synthesized by a reverse transcription kit (Tiangen Biotech Co., Ltd, Beijing, China). The quantitative real-time PCR (qRT-PCR) method was used to detect the expression of stem cell-related genes. The specific procedures were in accordance with the instructions for the SYBR Green PCR Master Mix reagent (Invitrogen, USA). The primer sequences of the stem cell-related genes are shown in Table 2 .
Analysis of chromosome karyotype in induced pluripotent cells iPSCs were inoculated in T25 flasks according to a normal passage method. After 72 h, 0.05 mL colchicine (25 μg/mL) was added and gently mixed, and the cells were cultured for 4 h. The cells were then collected and centrifuged for 5 min at 1000 rpm. The supernatant was discarded, and 4 ml of 0.4% sodium citrate and 4 mL of 0.4% KCl solution preheated at 37°C were added to the cells. After gentle mixing, the mixture was incubated at 37°C for 5 min. Then, pre-cooled and newly prepared fixing liquid (methanol: acetic acid ratio was 3: 1) was used to fix the cells 3 times, with each time taking 30 min. Subsequently, 2 mL of pre-cooled fixing liquid was added and mixed gently. From a height of 50 cm, the cell suspension was dropped onto slides already cleaned by soaking in 4-6°C ice water, promoting the cells to spread on the
Differentiation of three germ layers in embryoid bodies
iPSCs obtained from LICs were propagated and digested using normal cell passage procedures and made into small clumps. They were then cultured in a suspension. Three days later, the medium was changed for the first time. Subsequently, the culture media was changed every 2-3 days, and the cells were evaluated with a microscope and imaged. Embryoid bodies (EB) were collected at 7 days and 14 days and were lysed by Trizol. RNA was extracted, and cDNA was made. The expression of markers relevant to different germ layers was detected by qRT-PCR. The primer sequences of the marker genes for the three germ layers are shown in Table 3 .
Detection of teratoblastoma formation iPSCs cultured for more than 10 generations were digested and cleaned according to a normal passage method. After removal of feeder cells, the iPSCs were suspended in 400 μL of culture medium and injected into NOD-SCID mice (Shanghai SLAC Laboratory Animal Co., Ltd, Shanghai, China) subcutaneously in two hind legs. Each injection point received 4×10
6 cells. The nude mice were injected with either LICs or hELICs cells as controls. Four weeks later and after the teratoblastoma grew to a diameter of 1 to 2 cm, the nude mice were sacrificed, and the teratoblastoma was removed by surgical dissection. The tumor tissue was fixed with 4% paraformaldehyde overnight, embedded in paraffin, sectioned, stained with HE, and observed under the microscope. Different types of tissue structures were photographed. 
Results
The iPSC clones and passage
The status of the iPSC clones was optimized during passage. After cells were cultured for three generations, the borders of the iPSCs were distinct; the cells were arranged tightly, and the karyoplasmic ratio increased. All of the above morphological features were similar to those of embryonic stem (ES) cells (Fig. 1) .
Detection of the immune phenotypes of iPSCs
The flow cytometry results showed that 97.88% of the LICs expressed the myelogenous antigen CD13, 76.27% expressed the red blood cell-specific antigen CD71, and 10.76% expressed CD235a; the expression of CD13, CD71 and CD235a in the generated iPSCs was all negative. For CD45, the expression in LICs was 90.24%, while the expression decreased to 9.45% of the iPSCs. However, more than 90% of both the LICs and IPSCs expressed CD90 (Fig. 2) . These results indicate that in the course of the transformation of LICs to iPSCs, the expression of antigen markers specific to the immune phenotypes of LICs tended to decrease or disappear, and the previously non-expressed stem cell-specific CD antigens were expressed.
Comparisons of the cell activity and proliferation in the cells among the three groups
ALP staining showed that the selected iPSC-like cell clones and the positive control X-02 cells were positive, but the LICs in the negative control group were negative. These preliminary results showed that the iPSCs had the characteristics of stem cells (Fig. 3) . The cell growth curve of each group showed that iPSCs and X-02 cells in the positive control group had stronger proliferation ability than the LIC group (Fig. 4) .
Comparison of the NANOG, SSEA-3, SSEA-4, TRA-1-60 and TRA-1-81 expression among the three groups
Immunostaining showed that in the iPSCs and positive control X-02 cells, the expression of pluripotency markers NANOG, SSEA-3, SSEA-4, TRA-1-60 and TRA-1-81 were all positive, but the expression of these markers was all negative in the negative control LICs (Fig. 5) . Fig. 3 . Comparison of the alkaline phosphatase staining results of LICs, iPSCs and X-02 cells (× 400). Note: A, the LIC group; B. the iPSC group; C, the X-02 group; LIC, leukemia-initiating cell; iPSC, induced pluripotent stem cell. 
The differentiation function of iPSCs in vivo
Four weeks after iPSCs were injected into the root muscle in the hind legs of NOD-SCID mice, tumors with a diameter of approximately 1.5 cm could be seen (Fig. 10) . From the tissue section of the teratoma and HE staining in the iPSC group, the teratoma was found to include tissue structures of three germ layers, including nerve tissue, bone, cartilage, intestine and respiratory tract tissue (Fig. 11) . This indicates that the iPSCs have the ability to differentiate into various germ layers. 
Discussion
In this study, lentivirus vectors carrying SOX2, KLF4, C-MYC4 and OCT4 were used to infect leukemia cells from the infiltrated skin of an M6 AML patient to induce the formation of iPSCs. Ultimately, our study confirmed that the induction of iPSCs was successful, and the generated iPSCs had the characteristics of pluripotent stem cells that have the potential to differentiate into the three germ layers.
In the personalized treatment plan of AML, hematopoietic stem cell transplantation is currently the main treatment method for AML, and it will become an important AML therapy with the progression of AML research [6] . The iPSCs are a kind of induced pluripotent stem cell that were initially obtained by inducing mouse skin fibroblasts, and they have a strong -renewal and differentiation ability [14] . In the present study, the expression of CD13, CD71 and CD235a in iPSCs was found to be negative, and the expression of CD45 was decreased. CD13 is a myelogenous antigen commonly expressed in leukemia [18] . CD71 and CD235a are red blood cell antigens expressed on the surface of leukemia cells [19, 20] . CD45 is also known as the common leukocyte antigen and is a specific glycoprotein of white blood cells [21] . Moreover, a previous study also confirmed that the expression of CD45 is missing in the successful extraction of iPSC-MSCs [22] . Therefore, the results indicate that the expression of antigen markers for an LIC-specific immune phenotype is reduced or disappeared during the transformation of LICs to iPSCs.
In addition, this study showed that compared with that of the LICs, the iPSCs have a stronger proliferation ability that is similar to that of X-02 cells. ESCs have been widely regarded as one of the promising cell sources that are used not only for cell replacement therapy but also as the best platform for developmental research, screening and drug discovery [23] . Moreover, a previous study has demonstrated that iPSCs possess the characteristics of embryonic stem cells [24] , and embryonic stem cells have also been demonstrated to have an unlimited proliferative potential as well as the ability to differentiate into almost any type of tissue [25] . Because of this, iPSCs have a stronger ability to proliferate than differentiated cells and were predicted to be transferred into adult cells via parallel mathematical modeling and numerical simulation [26] . Studies have shown that in successfully induced stem cells with a differentiation potential, a number of embryonic stem cell protein markers such as NANOG, SSEA-3, SSEA-4, TRA-1-60 and TRA-1-81 are expressed [27] [28] [29] , wherein SSEA-3 and SSEA-4 are cell membrane proteins, TRA-1-60 and TRA-1-81 are cytoplasmic proteins, and NANOG is a cell nuclear protein [30] [31] [32] . The iPSCs obtained in this study also expressed the above proteins, indicating that the iPSCs obtained in this study were similar to embryonic stem cells.
Finally, the iPSCs obtained in this study showed a significant up-regulation of Nanog, Lin28, Cripto, FOX3, DNMT3b, DPPA2 and DPPA4. Nanog is a regulatory factor that arrests the embryonic stem cells in an undifferentiated state and plays a key role in maintaining the subpluripotency of stem cells [33] . Lin28 plays an important role in the growth and metabolism of stem cells [34] . Cripto plays an important part in maintaining the undifferentiated state of stem cells but is also a key gene in the early development of embryos [35] . DNMT3b is a type of methyltransferase that mediates DNA methylation and plays an important role in the growth and development of embryonic stem cells [36] . DPPA2 and DPPA4 are both recently identified specific marker genes in embryonic stem cells, wherein DPPA2 plays an important role in maintaining the undifferentiated state and proliferation of embryonic stem cells, and DPPA4 is involved in regulating the differentiation of embryonic stem cells into ectodermal cells [37, 38] . Therefore, because of the important roles played by the above genes in the differentiation and pluripotency of adult stem cells, we can speculate that the iPSCs exhibit the characteristics of stem cells in all respects. The characteristics of iPSCs tend to be similar to those of embryonic stem cells in that the stem cell-related regulatory factors are also significantly up-regulated. In addition, during the spontaneous formation of EBs by iPSCs in vitro, the cell and gene expression phenotypes of the EBs changed. In this study, after the iPSCs formed EBs in vitro, the expression of genes representative of three germ layers [39] , such as TNNT2 and AFP (endodermal gene), ACTC1 and Brachyury (mesodermal gene), and Nestin and PAX6 (ectodermal gene), were all significantly up-regulated, and elevation of TNNT2 and AFP gene expression was higher than that of the genes for the other two layers. These results indicate that the iPSCs have the ability to differentiate into various germ layers, especially the inner germ layer.
This study proves that by infecting leukemia cells obtained from the infiltrated skin of an M6 AML patient using lentivirus vectors carrying OCT4, SOX2, KLF4 and C-MYC factors, iPSCs can be induced and generated, and the generated iPSCs have the characteristics and proliferation potential of stem cells and express stem cell-specific proteins and genes. This study also confirms the potential for pluripotent differentiation and safety of the obtained iPSCs. This study provided the theoretical basis for the personalized treatment of AML and may provide a technical platform for the personalized treatment of AML patients. However,
